The flow regime around a chemically baited trap is crucial for the trapping process and distribution of bait downstream of traps. We measured the flow field downstream of a trap prototype in flume experiments and mapped the distribution of bait using laser induced fluorescence. The trap produced a downstream wake, where flow recirculated towards the trap, allowing organisms slower than the free stream flow to interact with the trap. The chemical tracer revealed an average gradient with increasing concentrations towards the trap. Finally, we evaluated trap performance in field experiments. Traps with internal light caught on average 3.4 times more zooplankton than traps without light in shortterm deployments (1 h). Trapping efficiency could be manipulated by chemical stimuli; A piece of fish (Salmo salar) inside traps deterred 79% of the zooplankton compared to traps without fish. We conclude that the flow regime around a cylindrical trap may facilitate trapping and that combined stimuli modalities may allow higher selectivity. The effective radius of the trap will depend on the surrounding flow and will likely be small when flow-rate exceeds swimming speed of targeted organisms. Finally, we propose applications for selective traps in aquaculture and pest management.
I N T R O D U C T I O N
Man has trapped organisms throughout history (Bateman, 2003) . Traps have developed into ever more sophisticated devices. Insect pests in terrestrial agriculture are for example trapped in highly selective traps, baited with synthetic pheromones of the target species (Copping and Menn, 2000) . Trapping in aquatic habitats has followed a different trajectory. Submerged traps are mainly used to catch fish and shellfish for consumption. Baits are less selective and typically consist of dead organisms tethered in traps. However, the emergence of invasive species and parasites in the growing aquaculture industry has sparked the development of traps for pest management also in aquatic habitats (Johnson et al., 2009) . A promising example is the use of synthetic male mating pheromones to trap sea lamprey. Sea lamprey (Petromyzon marinus) is an invasive parasite on larger fish. Experiments in streams show that ovulated females can be attracted to up-stream traps baited by male mating pheromones (Johnson et al., 2009) . Small crustaceans like parasitic copepods are among the most significant parasites in marine fish aquaculture. Trapping has been suggested as a means to monitor and control the parasitic copepod Salmon louse, Lepeophtheirus salmonis (Flamarique et al., 2009) .
In addition, non-parasitic copepods have become an important food source in fish husbandry (Abate et al., 2016) . The need for high quality live feed in the fish farm industry has led to the development of industrial scale production of copepods (Drillet et al., 2011) . Intensive rearing of small organisms calls for new selective tools to manage cultures. As an example selective trapping of males can be desirable to optimize yields in copepod cultures (Drillet et al., 2011) . Sex ratios are often skewed towards females in nature (Kiørboe, 2006) . In copepod cultures, however, predation is absent and males more abundant. Females alone contribute to eggproduction, and production consequently increases with the proportion of females provided that the remaining males are able to fertilize all females. Pheromone baited traps could be used to optimize sex ratios by selectively trapping males in copepod cultures.
Zooplankton are small and live at low Reynolds numbers and have a limited ability to swim towards traps in moving water. The hydrodynamics around the trap will be essential for the capture process. Flow rate relative to the trap has to be low enough to allow the organism to interact with the trap before it is swept out of range. Traps tethered in the field will experience flow from directional currents, waves, and internal turbulence. If flow rate relative to the trap is higher than the swimming capacity of the organism, it will have to be passively brought into close vicinity of the trap to allow trapping.
Light traps have been developed to trap zooplankton, ichthyoplankton (Doherty, 1987) , as well as fish parasites (Flamarique et al., 2009) . While light traps do catch phototactic organisms, they offer little opportunity to select specific species; essentially all phototactic organisms will be caught. In aquaculture and pest management, however, high specificity is essential. Here we propose a combination of light and chemical stimuli to allow for a higher degree of selectivity. Chemical stimuli can offer selectivity by attracting or deterring specific organisms. Light increases the attractiveness and thereby the effective radius of the trap. In addition, internal light retains phototactic organisms in the trap.
The trap design in this study is based on a cylinder with evenly dispersed entry holes and a top mounted light source (Fig. 1) . We investigate the flow pattern and quantify the local flow rate downstream of the trap to explore the flow conditions during the trapping process. We further measured the spatiotemporal distribution of a chemical tracer downstream of the trap in relation to the release rate inside the trap to evaluate if the distribution provides gradients that can guide zooplankton towards the trap. Finally, we deployed traps in the field to see how they operate with and without light and chemical stimuli under natural conditions.
M E T H O D Trap design
The trap function is based on a combination of chemical and visual cues (Fig. 1) . Phototactic organisms that enter the trap are attracted by a light in the top. A transparent funnel retains trapped organisms in the upper part of the trap. The main tube is made from PVC (90 mm outer diameter). The upward opening is threaded and sealed by a screw on a transparent acrylic lid. During night, a light source is necessary. We used two different light sources; a land based light source (Roblon FL 2001-1 lamp: Philips 13 861) with six optic fibres guiding light to traps. In the second field experiment we used battery driven diving lights (Energizer).
Flume experiments
Flow patterns behind the zooplankton trap and transport of released substances were studied in a laboratory flume. The 7 m long and 0.5 m wide recirculating flume was filled to a depth of 20 cm and the seawater (salinity 34.5 ‰) was maintained at 18-19°C. An acoustic doppler velocimeter (ADV, Nortek AS) measured the free stream velocity (U ∞ ) at 10 cm above the flume floor. Measurements behind the trap were performed in average U ∞ of 5 ± 0.1 and 10 ± 0.5 cm s −1
. The trap was placed standing vertically on the floor in the cross-stream centre of the flume and in the working section situated 5 m downstream of the flume entrance. Studies of flow patterns behind the trap were done using particle image velocimetry (PIV), and laser induced fluorescence (LIF) was employed to study transport and dispersal of water soluble substances released inside the trap. For these two techniques we used a system from LaVision with a 1600 × 1200 pixel camera (Imager Pro X) and a double pulsed Nd:YAG laser (Litron, 30 mJ at 532 nm). The laser produced a 1 mm thick vertical light sheet parallel to the flow behind the centre of the trap. The camera recorded images through the transparent sidewall of the flume covering an area of 17 × 12.5 cm 2 behind the centre of the trap in the central part of the water column. Recordings were made starting immediately downstream of the trap and in addition 17 cm downstream of the trap in total covering a distance of 34 cm.
For PIV-measurements of flow patterns behind the trap, the water in the flume was seeded with 10 μm hollow glass spheres (Dantec Dynamics). Recordings were made in double frame mode at 10 Hz for 1 min (600 recordings) at each combination of free stream velocity and distance behind the trap. Images were analysed with the DaVis 8.2.0 software (LaVision) using an interrogation window size of 48 × 48 pixels and with 50% overlap between interrogation windows. This setup resulted in a resolution of~4 flow vectors per cm.
For LIF-measurements, a solution of the fluorescent dye Rhodamine 6 G was released through a 4 mm (inner diameter) pipe inside the zooplankton trap. The pipe was aligned in the centre of the trap with the nozzle in the middle of the water column, i.e. 10 cm above the flume floor. The nozzle was covered with a diameter 30 mm piece of a household sponge for increased dispersal. The Rhodamine solution (4.2 μM in seawater) was kept at 18-19°C and pumped at a speed of 38 mL min −1 which corresponds to isokinetic release at U ∞ = 5 cm s −1
. LIF measurements were made at 10 Hz during 5 min (3000 recordings). Recordings were first made immediately downstream of the trap at U ∞ 5 and 10 cm s −1 where after the recordings were repeated starting 17 cm downstream. After each 5-min recording, the delivery of dye solution was turned off and 100 images of the accumulated fluorescence in the flume was recorded. The averages of these recordings were used to subtract the built-up background fluorescence from recorded experimental images. Recorded images were further corrected for camera background intensity and laser sheet inhomogeneities using the DaVis 8.2.0 software (LaVision). A concentration calibration based on six Rhodamine 6 G concentrations between 10 and 170 nM was done and fluorescing intensities are presented as percent of source concentration (4.2 μM).
The images were further processed for calculations of the average concentration fields and for investigating the distribution of instantaneous chemical concentrations that zooplankton encounter behind the trap. For each instantaneous measurement, the concentration was averaged over a 5 × 5 pixel area which corresponds tõ 0.5 × 0.5 mm, approximately the width of a copepod prosome with antennas. The instantaneous chemical concentrations were then extracted from 20, 50, 100, 150 and 300 mm behind the trap at height of the nozzle (mid water column).
Field experiments
The field-experiments were designed to test the effect of light on capture efficiency, and if trapping could be manipulated by addition of chemical stimuli inside the trap.
Effect of light on trapping efficiency
Six zooplankton traps were deployed from a floating jetty outside Sven Lovén Centre Kristineberg on the Swedish west coast on the 12 December 2015 at 23:30 p.m. The jetty extends into a shallow bay with water depth of~2-4 m. Traps were deployed~2 m apart with the upper lid~0.2 m below the surface. Every second trap received light through a fibre optic cable fitted to the transparent lid. Controls were identical, but without light. Three replicate samples (50 l each) of the ambient concentration of organisms were collected by bucket sampling during the incubation. The traps were retrieved after one hour and the content emptied into buckets. Organisms were concentrated by filtration through a 65 μm plankton mesh and preserved in acidic Lugols solution. Samples were stored in the dark and refrigerated until analysis.
Effect of chemical stimuli
Six zooplankton traps were deployed at 19:55 in the evening 14 December 2015 from a jetty outside Sven Lovén Centre Tjärnö, 100 km north from the Kristineberg experimental plot. Each trap was lit by diving lamps mounted to the top of the trap. Every second trap received a piece of cultured Atlantic salmon, Salmo salar (40 g, origin Norway), purchased frozen. The salmon was suspended in a nylon mesh bag (mesh size 1 mm) in the middle of the trap. Traps were deployed for one hour and trapped organisms were concentrated and preserved as above.
Analysis of zooplankton trap content
The preserved samples were analysed for species composition and abundance in a petri dish with striped bottom under a preparative microscope (Zeiss stemi SV-11). The numbers of organisms trapped in different treatments were compared with student's t-test.
R E S U L T S Hydrodynamic regime downstream of trap
The PIV recordings reveal that the trap affects the flow by creating a wake with recirculating water up to 20 cm behind it in both flow speeds tested (Fig. 2) . The recirculating flow transports the water and contained organisms towards the trap (Fig. 2) . Within one cm from the trap wall, where organisms can interact with the trap, the average flow velocity ranges from 0.6 to 1.3 cm s −1 at U ∞ = 5 cm s −1 and from 1.2 to 2.6 cm s −1
at U ∞ = 10 cm s −1 . 
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Distribution of chemical tracer downstream of trap
The chemical tracer emitted from within the zooplankton trap is rather efficiently dispersed behind the trap (Fig. 3) . The highest concentrations are found where the dye solution seeps out from the holes in the trap wall (Fig. 3 B,D) . The average concentration gradually decreases with distance behind the trap at both 5 and 10 cm s −1 (Figs 3 and 4) providing a directional gradient towards the trap. Fig. 4 shows the cumulative distribution of instantaneous chemical concentrations that zooplankton encounter at different distances downstream of the trap. Note that several distributions had higher maximum concentration values than 0.4% which is the cutoff in the diagrams. The average concentration at U ∞ = 10 cm s −1 is lower than at U ∞ = 5 cm s −1 at all distances from the trap except at 50 mm where the concentrations are equal.
Field experiments Effect of light
Traps with light deployed during night caught 3-3.5 times more copepods and pelagic mollusks respectively than traps without light (P < 0.05, Fig. 5 ). The copepods were mainly of the genus Corycaeus, a genus with welldeveloped eyes. Mollusks were dominated by small shelled pteropods cf. Limacina sp.
Effect of chemical stimuli
The addition of Atlantic salmon meat, S. salar, in the traps had a deterrent effect on zooplankton (Fig. 6) . Salmon baited traps contained 91% less copepod nauplii than control traps without salmon (P = 0.01). Copepods (Copepodites 1-5 and adults) were reduced by 75% and (P = 0.01), and mollusks by 61%, however this was not significant (P = 0.07).
D I S C U S S I O N
The flow pattern downstream of the zooplankton trap produce a local capture zone where flow rate relative to the trap is reduced and redirected towards the trap (Fig. 2) . Organisms may interact with the trap in this zone even when ambient flow velocity supersedes swimming speed of the organisms. The net direction of flow behind the trap is reversed and directed towards the trap at both 5 and 10 cm s −1 flow. Flow returning to the trap deflects along the trap wall exposing organisms to the steep stimuli gradients from the entry holes (Fig. 3) . The hydrodynamic properties of the cylindrical trap may consequently facilitate trapping in flowing water.
The effective radius of the trap is, however, still limited for organisms swimming slower than the free stream velocity. Slow swimmers have to be passively brought to the trap. Capture efficiency is likely to decrease with flow rate relative to trap. The highest reduction can be predicted to take place when flow velocities exceed the swimming-speed of targeted organisms. Organisms swimming faster than the flow can approach the trap from greater distances, increasing the effective radius of the trap markedly. The decline in average concentration of the chemical tracer downstream of the trap provides a directional gradient for chemically oriented organisms (Figs 3 and 4). Chemically oriented organisms have to encounter the downstream plume to be attracted. In contrast, phototactic organisms can be attracted from any direction. Most copepods have poor vision. Corycaeus is, however, an exception with large forward facing paired eyes. Corycaeus feed at up to fifteen times higher rates in light than in darkness which suggests that they use their eyes to localize prey (Gophen and Harris, 1981) . The occurrence of Corycaeus in traps with light shows that their eyes also guide them towards the light baited traps (Fig. 5 ). Pteropods show a similar level of attraction which suggests that they have a similar capacity to detect and approach the light from the traps. Positive phototaxis is a common response to artificial, narrow-field light sources. Most zooplankton, however, show negative phototaxis to natural light sources with wider field and more diffuse light (Forward, 1988) . The internal light source is visible from outside the trap through the holes in the trap wall, and it is likely that these point light sources will attract many other phototactic organisms too. The piece of salmon, which was included during the second trapping experiment to evaluate the possibility of manipulating selectivity with chemical stimuli, had a strong deterrent effect on zooplankton (Fig. 6) . Trapping efficiency can consequently be manipulated by chemical stimuli. The deterrence may involve an avoidance response to predatory fish, but the stimulus was strong and presented in an artificial way. More natural experiments are needed to verify if that is the case. Copepods do, however, sense and respond to predator cues (Heuschele and Selander, 2014) . The harpacticoid Tigriopus californicus for example shows avoidance behaviour in response to the presence of predatory anemones (Dethier, 1980) . Deterrence can reduce bycatch when traps target pests like the Salmon louse, L. salmonis. Positive selectivity, on the other hand, can be achieved with stimuli such as sexual pheromones, host smells, or feeding attractants. Most zooplankton info-chemicals are unknown, but this area of research is progressing (Hardege et al., 2002; Gillard et al., 2013; Selander et al., 2015; Heuschele et al., 2016) , and more specific cues will likely be available in the future. Species-specific response to dispersal of chemical stimuli will likely influence how effectively various zooplankton are attracted to the trap. The recirculation of water behind the trap results in a rather homogenized cloud of smell where the instantaneous concentration of smell encountered by zooplankton varies only a little at the same distance from the trap (Fig. 4) but on average increases towards the trap. Hence organisms using time averaged stimuli to navigate can effectively move up the chemical gradient and increase the rate of transport towards the trap. Zooplankton that react to distinct highconcentration filaments of odour (e.g. Hadfield and Koehl, 2004) on the other hand might just respond to the chemical stimuli at the immediate vicinity of the trap where high-concentration filaments are present.
Among the potential applications for selective zooplankton traps are management of large scale bioreactors for production of feed organisms. Copepods constitute high quality feed for fish fry in aquaculture, and large scale cultures are being developed to meet the demand (Drillet et al., 2011) . Selective traps could be used to catch seeding populations from the field, and to manipulate and harvest cultures with minimum handling. Copepods are delicate organisms, easily harmed by mechanical treatment such as concentration by filtration. Traps may allow non-mechanical harvest in bioreactors or harvest of specific stages to manipulate sex ratios for yield optimization (Drillet et al., 2011) .
Selective traps are used in monitoring and management of pests in terrestrial ecology (Witzgall et al., 2010) , and have potential to be similarly used in aquaculture. The Salmon louse, L. salmonis, is currently the largest health issue in Salmon farms. Current remedies include pesticides (Davies and Rodger, 2000) , mechanical shielding of sea cages (Stien et al., 2016) and the use of cleaner fish wrasse (Costello, 1993) . Two host finding cues directing the infectious stage to the fish have been identified (Ingvarsdottir et al., 2002; Mordue and Birkett, 2009 ). These may be useful components in chemically baited traps. If the sexual pheromone is identified, the trap could also target male parasites. Since the trap effective radius is small, it is not likely that traps can provide stand alone Light and salmon * * Fig. 6 . Number of organisms (nauplii, copepods (C1-C6) and molluscs) trapped per hour in traps with only light (white bars) and traps with light and a piece of salmon (chemical stimuli) mounted inside the trap. Error bars denote standard error of mean, n = 3. Asterisk denote significant difference (t-test P = 0.01 for Nauplii and copepods, 0.07 for mollusks) solutions in field based aquaculture. They could, however, be useful in integrated pest management, monitoring of parasite abundance, and land based zooplankton cultures where volume is limited and flow rates low.
C O N C L U S I O N S
We find that the wake produced downstream of a cylindrical trap may facilitate trapping of slow swimmers by reducing flow rate and recirculating water towards the trap. The field experiments show that the trap is capable of trapping zooplankton, and that the process can be manipulated by chemical stimuli. Yet the effective radius of zooplankton traps will be limited to trap dimensions in flow rates above the swimming velocity of the targeted organism. Both effectiveness and selectivity of the trap depends on the development of sophisticated baits such as synthetic sexual pheromones, or host smells attracting the target organism.
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